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Intelligence is correlated with the ability to make fine sensory discriminations. Although this relationship has been known since
the beginning of intelligence testing, the mechanisms underlying this relationship are still unknown. In two large-scale structural
equation-modelling studies, we investigated whether individual differences in attention control abilities can explain the relation-
ship between sensory discrimination and intelligence. Across these two studies, we replicated the finding that attention control
fully mediated the relationships of intelligence/working-memory capacity to sensory discrimination. Our findings show that
attention control plays a prominent role in relating sensory discrimination to higher-order cognitive abilities.
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Introduction

The act of making a sensory discrimination is quite simple.
You hear two tones and must decide which tone is of a higher
pitch, or you see two vertical lines and must decide which line
is longer. Sensory discrimination can occur in a variety of
modalities such as differences in weight between objects,
light brightness, or tone loudness. On the surface, this may
seem like a task that simply requires basic sensory processing.
Auditory processing for pitch discrimination, visual
processing for line discrimination, tactile processing for
weight, and so on. However, over 130 years ago Francis
Galton (1883) hypothesized that “the more perceptive the
senses are of difference, the larger is the field upon which
our judgment and intellect can act.” (p. 19). Not long thereaf-
ter, Charles Spearman (1904) showed this to be true; sensory-
discrimination ability correlated with intelligence. What was
so striking about Spearman’s discovery was not just that spe-
cific sensory modalities (e.g., auditory or visual) correlated
with intelligence, but that what was common across the mo-
dalities, a domain-general sensory-discrimination ability,
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correlated nearly perfectly (r = 1) with general intelligence.
Despite this strong correspondence, there has been little to no
theoretical development as to why sensory discrimination cor-
relates so strongly with intelligence. Our position is that atten-
tion control, one’s ability to guide the focus of attention in a
goal-directed manner and to reduce distraction, is an important
determinant of individual differences on intelligence and like-
ly plays an important role in sensory discrimination.
Therefore, in two studies we investigated whether individual
differences in attention control can account for the relationship
between sensory discrimination and intelligence.

The discovery of the sensory discrimination — intelligence
relationship coincided with a pivotal moment in the history of
intelligence testing: the development of more rigorous quan-
titative methods to measure the degree of correlation between
measures. While the statistical methods demonstrated by
Spearman (1904) became the precursor to modern statistical
methods, psychologists discontinued research on the relation
between sensory discrimination and intelligence (Deary,
1994b). It would not be until after the field shifted towards
the information-processing paradigm that researchers started
showing interest in the sensory discrimination and intelligence
relationship again. Starting around the 1980s, researchers
once again showed that measures of sensory discrimination
correlated with measures of intelligence (Acton & Schroeder,
2001; Helmbold et al., 2006; Lynn et al., 1989; Raz et al.,
1983, 1987, 1990; Watson, 1991). These studies found indi-
vidual task correlations in the range of r = .2—.5. Not until 100
years after Spearman (1904) was the latent correlation (as
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compared to single-task correlations) between sensory-
discrimination ability and intelligence tested again. When test-
ed at the latent construct level, studies have shown an even
stronger correlation between sensory discrimination and gen-
eral intelligence, with a range of r = .61-.95 (Deary et al.,
2004; Meyer et al., 2010; Troche et al., 2014).

Spearman considered general intelligence (g) as an over-
arching factor that represented common variance amongst dis-
parate tests of mental abilities. Spearman (1904) theorized that
the reason disparate tests of mental abilities were correlated
with one another was due to some central Function. Based on
his findings of a near-perfect correlation between sensory
discrimination and general intelligence, Spearman (1904)
concluded that,

Finally, there is the exceedingly significant fact that this
central Function, whatever it may be, is hardly any-
where more prominent than in the simple act of discrim-
inating two nearly identical tones... Discrimination has
unrivalled advantages for investigating and diagnosing
the central Function (Spearman 1904, p. 274).

Therefore, despite the lack of research on the sensory dis-
crimination — intelligence relationship Spearman considered
sensory discrimination as vital to understanding the nature of
general intelligence and this central Function.

Various hierarchical models of general intelligence have
been proposed since Spearman (1904) that either dismiss the
existence of g in place of separate mental abilities or subsume
second-order mental abilities under an over-arching g factor
(H. Kane & Brand, 2003). The Hebb-Cattell theory of intelli-
gence, first proposed by Hebb (1942),' distinguishes between
fluid intelligence and crystallized intelligence. Where fluid
intelligence is the ability to reason, learn, and adaptively form
new patterns of behavior in novel situations. Hebb conceptu-
alized this as a sort of intellectual power or intellectual effi-
ciency that leads to the acquisition of knowledge, and new
perceptual/behavioral patterns. Crystallized intelligence is
the functioning of already acquired knowledge and developed
perceptual/behavioral patterns.

In any test performance there are two factors involved,
one factor being present intellectual power, of the kind
essential to normal intellectual development; the other
being the lasting changes of perceptual organization and

! Traditionally, the fluid/crystallized intelligence model has been credited to
Raymond B. Cattell. For an interesting investigation into the origin of the
fluid/crystallized intelligence distinction, see Brown (2016). The author con-
cludes that Cattell adopted and extended Donald O. Hebb’s theory of two
intelligences and termed them names fluid and crystallized intelligence. As
such, the author suggests that it should be called the Hebb-Cattell Theory.
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behavior induced by the first factor during the period of
development (Hebb 1942 p. 287).

Historically, attention-related processes have been
underemphasized in models of fluid intelligence (H. Kane &
Brand, 2003) and in psychophysical approaches to sensation
and perception (the role of attention is neglected in the
formative book on psychophysics by Stevens, 1975).
However, more recent models of intelligence have included
attention control as a primary factor contributing to individual
differences in fluid intelligence (Conway et al., 1999, 2003;
Heitz et al., 2005; Kovacs & Conway, 2016; Kyllonen &
Christal, 1990; Shipstead et al., 2016). And more recent neural
models of perception have proposed attention as an important
mechanism at early and late stages of perception (Deco &
Rolls, 2005; Desimone & Duncan, 1995; Kok, 1997; Luck
et al., 2000; O’Craven et al., 1997; Usher & Niebur, 1996).
Therefore, attention processes may play an important role in
relating lower-level sensory abilities to higher-order cognitive
abilities.

Attention control is the general ability to engage executive
control functions that guide the focus of attention in a goal-
directed manner (Barrett et al., 2004; M. J. Kane et al., 2001;
Posner & DiGirolamo, 1998; Rueda, 2018). The focus of at-
tention can be influenced by many processes; a traditional
classification scheme is to distinguish between automatic (bot-
tom-up, habitual, reflexive, or stimulus-driven) and controlled
(top-down, or goal-directed) processes (Egeth & Yantis,
1997). If automatic processes direct attention in a manner
consistent with current goals or a desirable level of perfor-
mance, then there is less need to engage in attention control
(Norman & Shallice, 1986). However, if there is conflict be-
tween automatic processes and current goals or performance
level, then there arises the need to engage attention control to
guide thoughts and behavior in a more purposeful and goal-
directed manner (Norman & Shallice, 1986). Individual dif-
ferences in attention control manifest when automatic process-
es are in conflict with goal-oriented processes (M. J. Kane &
Engle, 2003). Commonly used measures of attention control
often include the need to resolve conflict, reduce distractor
interference, or inhibit prepotent responding. As such, the
construct of attention control has often been defined by as-
pects of selection or inhibition (Friedman & Miyake, 2004).

However, an often-overlooked aspect of attention control is
that of the intensity of attention. The intensity of attention can
generally be understood as the degree or amount of attention
allocated to a task, stimulus, visual location, etc. The distinc-
tion between selective and intensive aspects of attention has
been discussed in psychology since William James (1890);
“Everyone knows what attention is. It is taking possession
of the mind, in clear and vivid form, of one out of what seems
several simultaneously possible objects or trains of thought.”
“In clear and vivid form” refers to the intensive aspect of
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attention; the more intensively attention is applied, the more
clear and vivid will be the perception of the selected object or
train of thought. Kahneman (1973) states “There is more to
attention than mere selection... the term ‘attention’ also refers
to an aspect of amount and intensity.” The selective and in-
tensity aspects of attention should not necessary be considered
as independent of one another. For instance, selectively at-
tending to certain stimuli over others will afford a greater
intensity of attention to selected stimuli and less intensity of
attention to unselected stimuli; although this is likely just a
reflection of the simple fact that attention is always selective.
However, within the selection or focus of attention the inten-
sity of attention can vary; one can attend to the items in the
focus of attention with a high or low degree of vividness. In
fact, much of the early cognitive neuroscience work focused
on understanding the effects of top-down attention on early
perceptual processing. This research lead to the understanding
that attention leads to the enhancement and sensitivity of neu-
ronal response in early perceptual brain regions to bias neural
competition towards goal-relevant behavior (Desimone &
Duncan, 1995; Reynolds & Pasternak, 2000). Additionally,
recent work by Unsworth and colleagues has suggested that
the voluntary control of the intensity of attention is important
for understanding the relationship between working-memory
capacity and attention control (A. L. Miller et al., 2019;
Unsworth & Robison, 2017, 2020).

This broader view of attention control as more than just
selection or inhibition is a reflection of our executive attention
view of cognition in which executive attention organizes pro-
cessing requirements around task-objectives or current goals
(Shipstead et al., 2016). Processing requirements will depend
on the nature of the task; some tasks may place a greater
demand on selection, on intensity, and on other attention-
related processes. Therefore, attention control is not defined
by any one specific mechanism or process but rather acts to
organize and modulate processes around a particular goal.
Originally, we presented this executive attention view as a
way to explain the relationship between fluid intelligence
and working-memory capacity (Shipstead et al., 2016).
Working-memory capacity, a construct closely related to at-
tention control, is known to correlate at the latent construct
level very highly with fluid intelligence, typically in the range
of .6-.8 (M. J. Kane et al., 2005). Individual differences in
working-memory capacity reflect a domain-general ability to
maintain and manipulate information in an accessible state in
the face of interference and distraction. It is distinct from
short-term memory in that there is the added demand to reduce
interference from irrelevant information or distracting stimuli.
As such, working-memory capacity has been shown to predict
fluid intelligence over and above short-term memory (Engle,
2002). The three constructs; fluid intelligence, attention con-
trol, and working-memory capacity, are all highly correlated
with one another but also show unique variance (Heitz et al.,

2006). Our executive attention view states that individual dif-
ferences in attention control can account for the shared rela-
tion between fluid intelligence and working-memory capacity
(Engle, 2018; Shipstead et al., 2016). That is, the reason fluid
intelligence and working-memory capacity are so highly re-
lated is that the tasks used to measure these constructs place a
strong demand on functions of attention control.

The extent to which attention control plays a role in sensory
discrimination has been under-emphasized in previous re-
search. However, Troche et al. (2014) have shown that
working-memory capacity can explain the relationship be-
tween sensory discrimination and fluid intelligence, suggest-
ing that mechanisms of attention control likely play an impor-
tant role. It is also known that top-down processes can en-
hance neural activation in sensory areas and bias processing
of target stimuli (Aston-Jones & Cohen, 2005; Reynolds &
Pasternak, 2000; Schoenfeld et al., 2007). One possibility is
that to perform a sensory discrimination requires processes in
working memory that rely heavily on attention control. For
instance, the comparison of two stimuli on a single dimension
(e.g., two tones of different pitch) requires maintaining a men-
tal representation of the two stimuli in working memory. The
strength of the mental representation will depend on several
processes, including initial encoding of the stimuli and main-
tenance in working memory as attention shifts from one stim-
ulus to the other. We would argue that both these processes
rely heavily on attention control. Admittedly, if previous re-
search had not shown that sensory discrimination correlates
strongly with working-memory capacity and intelligence there
would be little a priori reason to expect attention control to
play such a strong role in sensory discrimination. However,
the correlation of sensory discrimination with these broad
domain-general cognitive abilities suggests that the act of sen-
sory discrimination requires more than bottom-up perceptual
attention processes and likely requires some degree of con-
trolled attention.

This all suggests that a unitary domain-general faculty of
attention control should contribute to individual differences in
sensory-discrimination ability and its relation to fluid intelli-
gence and working-memory capacity. Therefore, we would
argue that the processes underlying sensory discrimination
rely heavily on attention control and hypothesize that individ-
ual differences in attention control can explain the relationship
between sensory discrimination and fluid intelligence/
working-memory capacity.

In two studies, we used confirmatory factor analysis and
structural equation modelling to test our hypothesis. The latent
constructs in the two studies were sensory discrimination, at-
tention control, working-memory capacity, and fluid intelli-
gence. Each latent construct was measured using multiple
tasks. The procedure for the sensory discrimination tasks used
in the current studies was similar to those used by other re-
searchers (Troche et al., 2014) and employed an adaptive
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procedure to estimate a discrimination threshold value
(Kaernbach, 1991). Study 1 included both visual and auditory
discrimination tasks, while Study 2 included only auditory
discrimination tasks but included improved measures of atten-
tion control.

Study 1

The purpose of Study 1 was to test our hypothesis that atten-
tion control can explain the relationship between sensory dis-
crimination and working-memory capacity/fluid intelligence.
We measured sensory discrimination using two visual (line
length and circle size) and two auditory (loudness and pitch)
discrimination tasks. We used structural equation modelling to
test whether attention control mediates the relationship be-
tween sensory discrimination and working-memory
capacity/fluid intelligence.

Method
Subjects

The study consisted of four 2-hour sessions. Subjects were
college students and non-college adults of the Atlanta com-
munity. All subjects were required to be native English
speakers (i.e., learned English before the age of 5 years),
18-35 years of age, and had not participated in a study with
our lab before. No screening on vision or hearing was per-
formed. Subjects were compensated with a $30 check at the
end of each session and received an additional $10 check as a
compensation bonus at the end of the fourth session. There
was also an option for Georgia Tech students to receive 2 h of
course credits instead of monetary compensation on each ses-
sion. If they chose course credit for some or all of the sessions,
they still received the $10 check as a compensation bonus for
completing all four sessions. This study was approved by the
Georgia Institute of Technology’s Institutional Review Board.

A total of 355 subjects completed all four sessions, and 24
subjects were removed due to having excessive missing data,
for a final sample size of 331. Monte-Carlo simulations sug-
gest that for stable estimates of correlations sample size should
approach 250 (Schonbrodt & Perugini, 2013). Excessive
missing data was defined as having missing data on more than
half of the task indicators for any latent construct. A subject
may have missing data on a task for a variety of reasons
including lost data file, task crashed before they could finish,
or they did not meet a certain criterion of performance. The
criteria of performance are defined on a task-by-task basis and
are described in more detail in the Data processing and
analysis section. Table 1 displays the demographics for the
331 subjects.
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Table 1 Subject demographics for Study 1 (N = 331)
Demographic Statistic
Age (years) Mean: 24.5
SD: 4.7
Gender Male: 50%
Female: 50%
College student’ Yes: 49%
No: 51%
Ethnicity? White: 62%

Black or African American: 19%
Asian or Pacific Islander: 10%
Other: 9%

! College students included Georgia Tech and other colleges in Atlanta

2«Other” includes Native American, Hispanic or Latino, and other
Tasks and procedures

Subjects performed a battery of cognitive tasks in a group
running room. The group running room had five subject sta-
tions, and one research assistant monitored subjects. The tasks
were performed on a Windows 7 computer with an LED-
backlit LCD monitor, and subjects wore headphones during
all tasks. The tasks were programmed in E-Prime 2.0.10 soft-
ware (Psychology Sofiware Tools, Inc. [E-Prime 2.0], 2016).

Working-memory capacity We measured working-memory
capacity using three complex span tasks; the advanced opera-
tion span, advanced symmetry span, and advanced rotation
span. The complex span tasks consist of alternating memory
storage and processing sub-tasks (Unsworth et al., 2005). The
advanced versions of the tasks included larger set-sizes of
memory items (Draheim et al., 2018). In all complex span
tasks, the total number of items recalled in their correct serial
position (partial score) was used to calculate scores on the task
(Conway et al., 2005).

Advanced operation span. This task required subjects to
remember a series of letters presented in alternation with
simple math equations that they were required to solve.
On each trial, subjects first solved a simple math equation
followed by the presentation of a single letter. This alter-
nation repeated until a variable set-size of letters-to-be-
remembered had been presented. Then, on the recall
screen subjects had to recall the letters in the correct order
by clicking the mouse on the appropriate letters from a
matrix of letters displayed on the screen. There was a total
of 14 trials (two blocks of seven trials), set-sizes ranged
from 3-8, and each set-size occurred twice (once in each

2 Due to an error in programming of the advanced operation span task, trials in
which the set-size was supposed to be nine actually only displayed a set-size of
eight. This resulted in the set-size of eight occurring on a total of four trials,
compared to two trials for all other set-sizes.
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block). Scores on the advanced operation span task were
calculated using the partial-scoring method, the number
of letters recalled in their correct order across all trials.
Advanced symmetry span. This task required subjects to
remember a series of spatial locations in a 4 x 4 matrix
presented in alternation with a pattern of squares for
which they had to decide whether the pattern was sym-
metrical on the vertical midline. On each trial, subjects
were first presented with a 16 x 16 matrix of black and
white squares and were required to decide whether the
pattern was symmetric on the vertical midline. Followed
by the symmetry judgment, a 4 x 4 matrix of squares with
one square highlighted in red were displayed. The loca-
tion of the red square was the to-be-remembered spatial
location. This alternation continued until a variable set-
size of spatial locations had been presented. Then, on the
recall screen the same 4 x 4 matrix of squares was pre-
sented but with no squares highlighted in red. Subjects
had to recall the spatial locations in the correct order by
clicking the mouse on the appropriate squares in the ma-
trix. There was a total of 12 trials (two blocks of six
trials), set-sizes ranged from two to seven, and each set-
size occurred twice (once in each block). Scores on the
advanced symmetry span task were calculated using the
partial-scoring method, the number of spatial locations
recalled in their correct order across all trials.

Advanced rotation span. This task required subjects to
remember a series of directional arrows of varying size in
alternation with a mental rotation task in which they had
to mentally rotate and decide if a letter was mirror re-
versed or not. On each trial, subjects first solved a mental
rotation problem followed by the presentation of a single
arrow with a specific direction (eight possible directions;
the four cardinal and four ordinal directions) and specific
size (small or large). Both the direction and size of the
arrow were the to-be-remembered features. This alterna-
tion continued until a variable set-size of arrows had been
presented. Then, on the recall screen all possible arrow
directions and sizes were presented. Subjects had to recall
the direction and size of the arrows in the correct order by
clicking the mouse on the appropriate arrow. There was a
total of 12 trials (two blocks of six trials), set-sizes ranged
from two to seven, and each set-size occurred twice (once
in each block). Scores on the advanced rotation span task
were calculated using the partial-scoring method, the
number of arrows recalled in their correct order across
all trials.

Fluid intelligence

Raven’s advanced progressive matrices. For each prob-
lem in this task, subjects were presented with a 3 X 3
matrix of eight abstract figures with the bottom-right

element missing (Raven et al., 1998). This matrix of
figures followed a particular logical pattern. Subjects
had to identify the logical pattern and select one of eight
answer choices that fitted the logical pattern as the rest of
the matrix. Subjects were given 10 min to solve the 18
odd problems. Their score on this task was the total
number of problems solved correctly.

Letter sets. For each problem in this task, subjects were
presented with five sets of four-letter sequences (Ekstrom
et al., 1976). Four of these sets followed a particular rule
(e.g., four sets are in alphabetical order, four sets have the
letter “X” in the third location). Subjects had to identify
what the rule was and select the set of letters that did not
follow that rule. Subjects were given 10 min to solve 30
problems. Their score on this task was the total number of
problems solved correctly.

Number series. For each problem in this task, subjects
were presented with a series of numbers (Thurstone,
1938). These numbers progressed in a particular logical
fashion. Subjects had to identify the rule and select the
next number that should appear in the series of numbers
to be consistent with the logic out of five answer choices.
Subjects were given 5 min to complete 15 problems.
Their score on this task was the total number of problems
solved correctly.

Attention control tasks

Antisaccade. In this task, subjects had to identify a “Q”
or “O” that appeared very briefly on the opposite side of
the screen as a distractor stimulus (Hallett, 1978;
Hutchison, 2007). Subjects were first presented with a
fixation cross at the center of the screen. After a 1,000-
ms or 2,000-ms interval an asterisk (*) flashed at 12.3°
visual angle to the left or right of the central fixation for
100 ms. After presentation of the asterisk, either “Q” or
“O” was presented on the opposite side at 12.3° visual
angle of the central fixation for 100 ms quickly followed
by a visual mask (##). Subjects had to indicate whether
the letter was a “Q” or an “O.” Subjects completed 16
slow practice trials (target duration was set to 750 ms).
There were 48 trials and the task score was calculated as
the proportion of correct trials.
Arrow flanker. In this task subjects had to identify the
direction (left or right) of a central arrow that was flanked
by arrows that were either in the same or the opposite
direction (Shipstead et al., 2014). On each trial, subjects
were first presented with a fixation point in the center of
the screen that lasted 900 ms. After the fixation, a hori-
zontal array of five items appeared in the center of the
screen. The central item was always an arrow facing to
either the left or the right. Subjects had to indicate the
direction of the center arrow as quickly and accurately
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as possible by pressing the “z” (left) or “/” (right) key.
The items of the array beside the center arrow could be
facing the same direction as the center arrow (i.e., con-
gruent trials), facing the opposite direction as the center
arrow (i.e., incongruent trials), or be horizontal lines (i.e.,
neutral trials). There was a total of 216 trials with 72 trials
of each category (e.g., incongruent). The score on the
Flanker task was calculated by subtracting the mean re-
action time on congruent trials from the mean reaction
time on incongruent trials. Only accurate trials were used
to in calculating mean reaction times.

Color Stroop. For this task subjects were presented with a
word (either “RED”, “GREEN”, or “BLUE”) and had to
indicate the hue in which the word was printed (red,
green, or blue). On each trial, there was first a central
fixation (400-700 ms) followed by a centrally presented
word. The subject made a response on a keyboard using
three keys labeled with the colors (green, blue, and red).
Subjects had to complete 486 trials. For 66% of the trials,
the hue and the word were congruent. For the other 33%
of the trials, the hue and the word were incongruent. The
score on the Stroop task was calculated by subtracting the
mean reaction time on congruent trials from the mean
reaction time on incongruent trials. Only accurate trials
were used to in calculating mean reaction times.

Sensory discrimination The sensory discrimination tasks re-
quired subjects to discriminate the difference between two
sensory stimuli. We used a weighted up-down adaptive pro-
cedure with 64 trials to estimate a difference threshold that
converged on a certain level of performance (Kaernbach,
1991). If subjects made a correct discrimination, the differ-
ence between the two stimuli decreased (more difficult dis-
crimination) on the next trial. If the subject made an error, the
difference between the two stimuli increased (easier discrim-
ination) on the next trial. The ratio to decrease/increase the
difference was 1:3. This weighted up-down method with a
step ratio of 1:3 converges around a threshold value of 75%
(Kaernbach, 1991). To estimate a threshold value we
employed a method of averaging the difference value for
the last four reversals (Hairston & Maldjian, 2009; although
they used the last five reversals). A reversal is when the
accuracy on the current trial is different from the accuracy
on the previous trial. See Fig. 1 for an example of the adap-
tive procedure and scoring method for two real subjects on
the pitch discrimination task. The critical dependent measure
on all sensory discrimination tasks is the average difference
value of the last four reversals.

There are several different ways researchers have calculat-
ed the threshold value from psychophysical adaptive tasks.
While we report the results based on the average of the last
four reversals, we conducted the analyses using an average
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across all trials (Kaernbach, 1991), an average of the last
10-20 trials (Rammsayer, 1992), and the difference arrived
at on the last trial. Regardless of which dependent measure
we used for the task, overall the results were the same.
Obviously, there were differences in task loadings, bivariate
and latent correlations, and regression paths in the structural
models, but these differences were minor, and the interpreta-
tion of the models did not change.
Line discrimination. For this task subjects were pre-
sented with two lines on the computer monitor and had
to determine which line was longer (see Fig. 2 for an
example trial). The lines were displayed in the upper
left and in the lower right quadrants of the screen. The
lines were 8.5 cm apart from each other horizontally.
The exact vertical locations of these lines were ran-
domly jittered from 0 to 2 cm. Subjects had unlimited
time to decide which line was longer and the lines
were visible on the screen while subjects made their
decision. For half of the trials the line on the left was
longer and for the other half the line on the right was
longer.

The first trial started at a line length difference of 25 pixels.
For all trials, the line length difference decreased (after correct
trials) by 5 pixels and increased (after incorrect trials) 15
pixels. The minimum line length difference was 1 pixel and
the maximum line length difference was 55 pixels. There was
a total of 64 trials.

Circle discrimination. This task was structurally similar
to the line discrimination task, but subjects were present-
ed with two circles and had to determine which circle was
larger (see Fig. 3 for an example trial). The circles were
displayed in the upper left and lower right quadrants of
the screen and were approximately 8.5 cm apart from
each other horizontally. The exact vertical locations of
these circles were randomly jittered from 0 to 2 cm.
Subjects had unlimited time to decide which circle was
larger and circles were visible on the screen while sub-
jects made their decision. For half of the trials the circle
on the left was larger and for the other half the circle on
the right was larger.

The first trial started at a circle diameter difference of 10
pixels. For the first six trials the circle diameter difference
decreased (after correct trials) by 2 pixels and increased (after
incorrect trials) by 6 pixels. After the first six trials the circle
diameter difference decreased by 1 pixel and increased by 3
pixels. The minimum circle diameter difference was 1 pixel
and the maximum circle diameter difference was 55 pixels.
There was a total of 64 trials.
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Fig. 1 An example of the adaptive procedure and scoring method for two
real subjects on the pitch discrimination task. Each point represents the
pitch difference between the two tones (y-axis) on each trial (x-axis). The
difference gets smaller (goes down) on the next trial if the subject makes a
correct response and gets larger (goes up) if they make an incorrect re-
sponse at a 3:1 up:down ratio. Reversals are the peaks (a switch from

Pitch discrimination. For this task subjects were pre-
sented with two auditory tones and indicated which
tone had a higher pitch. Each tone was presented for
500 ms with a 500-ms interstimulus interval. After the
tones had played, the subject was given unlimited time
to decide which tone had a higher pitch. All tones were
pure and were between 776 Hz and 864 Hz. All tones
had a 5-ms fade-in at the beginning of the tone and a 5-
ms fade-out at the end of the tone. For half of the trials
the first tone had a higher pitch and for the other half
the second tone had a higher pitch.

The first trial started at a pitch difference of 15 Hz. For the
first six trials the pitch difference decreased (after correct tri-
als) by 2 Hz and increased (after incorrect trials) by 6 Hz.
After the first six trials the pitch difference decreased by
1 Hz and increased by 3 Hz. The minimum pitch difference
was 1 Hz and the maximum pitch difference was 24 Hz. There
was a total of 64 trials.

Loudness discrimination. For this task, subjects were
presented with two auditory sine wave tones and had to
indicate which tone was louder. Each tone was presented
for 500 ms with a 500-ms interstimulus interval. After the

Fig. 2 An example of a line discrimination task. The subject has to
indicate which line is longer. In this example, the line on the right is
longer

Trial

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 S50 52 54 56 58 60 62 64

increasing to decreasing) and valleys (a switch from decreasing to in-
creasing). The trial series for two subjects are displayed with their esti-
mated threshold score on the pitch discrimination task given in the legend
and represented by the horizontal dashed lines. The four black points are
that subject’s last four reversals. Their score is calculated by averaging the
pitch difference of those last four reversals

tones had played, the subject was given unlimited time to
decide which tone was louder. All tones were pure and
were between 55 dB and 70 dB. All tones had a 5-ms
fade-in at the beginning of the tone and a 5-ms fade-out at
the end of the tone. For half of the trials the first tone was
louder and for the other half the second tone was louder.

The first trial started at a loudness difference of 10 dB. For
the first six trials the loudness difference decreased (after cor-
rect trials) by 2 dB and increased (after incorrect trials) by 6
dB. After the first six trials the loudness difference decreased
by 1 dB and increased by 3 dB. The minimum loudness dif-
ference was 1 dB and the maximum loudness difference was
13 dB. There was a total of 64 trials.

Data processing and analysis

Scoring criteria For tasks that rely on reaction time (flanker
and Stroop), we removed trials that had too short reaction
times to accurately reflect task processing. If reaction times
were shorter than 200 ms, then the trial was removed. Mean
reaction times were then calculated based on the remaining
accurate trials only. If the subject’s mean accuracy on

O

O

Fig. 3 This figure shows an example of the circle discrimination task.
The subjects would have to indicate whether the circle on the left or right
was larger. In this example, the circle on the left is larger
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congruent or on incongruent trials was 3.5 standard deviations
(SDs) below the mean, their score on the task was removed.

For the complex span tasks, if a subject performed at less
than 50% accuracy on the processing portion of the task, then
their score for that task was set to missing (a stricter criteria of
80% accuracy resulted in removing too many subjects). For
the sensory discrimination tasks, if the subject’s mean accura-
cy was 3.5 SDs below the mean, then their score on the task
was removed. For every task, we then removed univariate
outliers by removing task scores that were 3.5 SDs above or
below the mean for that task.

When measuring psychological variables at the latent con-
struct level it is important to use multiple indicators of that
construct. For this reason, if a subject had missing or removed
data on more than half of the task indicators for any one
construct they were completely removed from any further
analyses. After using these scoring criteria, a total of 24 sub-
jects were removed from further analyses resulting in a final
sample size of 331.

Data analysis Reliability estimates are provided for each task.
Reliability for all the tasks except the sensory discrimination
tasks were calculated using split-half corrected for with
Spearman-Brown prophecy formula. For the Flanker and
Stroop tasks, we split congruent trial types into even and
odd trials and then did the same for incongruent trial types.
We then computed the mean reaction time on congruent and
incongruent trial types separately for even and odd trials,
followed by calculating the difference between congruent
and incongruent trials separately for even and odd trials.
This provides an interference effect for even trials and an
interference effect for odd trials. The split-half reliability for
Flanker and Stroop tasks was, therefore, calculated as the cor-
relation, corrected with Spearman-Brown prophecy formula,
between the even and odd interference effects. Because the
sensory discrimination tasks were adaptive, this means the
trials administered across the task are dependent on each oth-
er. That is, performance on a current trial determines the dif-
ficulty, and thereby performance, on the next trial. Also, the
adaptive task scores were not an aggregate performance across
all trials. They were, however, an aggregate of the discrimi-
nation difference (e.g., pitch difference between the two tones)
of the last four reversals. Therefore, to calculate the reliability
of the sensory discrimination tasks we calculated Cronbach’s
alpha of the last four reversals (we did not use split-half reli-
ability because there were only four trials, which therefore
may give rise to more noisy estimates of reliability).

We used structural equation modelling to test our hypoth-
eses concerning the relationship amongst the latent constructs;
sensory-discrimination ability, fluid intelligence, working-
memory capacity, and attention control. First, we used confir-
matory factor analysis to test whether the tasks are good mea-
sures of each construct and assess the correlations amongst the
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four constructs. We then tested our hypothesis that attention
control mediates the relationship between fluid intelligence/
working-memory capacity and sensory-discrimination ability
using structural equation models. All analyses were conducted
in R statistical software (R Core Team, 2018). The R package
lavaan (Rosseel, 2012) was used for all confirmatory factor
analyses and structural equation models, treatment of missing
values was set to full-information maximum likelihood.

For all structural equation models, solid paths represent
significant paths and dotted lines represent non-significant
paths. The chi-square values, degrees of freedom, and chi-
square significance are reported. The chi-square assesses over-
all fit and discrepancy between the sample and generalized
population-wide fitted covariance matrices. Although a non-
significant chi-square value is preferred, indicating it is not
different from a general population model, it is very sensitive
to sample size. As such, the chi-square value alone is not
sufficient to accept or reject a model. Models must be consid-
ered in holistic terms based on multiple fit indices. The fol-
lowing fit indices are reported as well: The confirmatory fit
indices (CFIs) and the Root Mean Square Error of
Approximation (RMSEA). The CFI compares model fit to a
null model. Models with a CFI > .90 are considered an accept-
able fit, and with a CFI of .95 or higher considered to be a
good fit (Hu & Bentler, 1999). The RMSEA is a parsimony
adjusted fit index. Models with an RMSEA < .08 are consid-
ered to be an acceptable fit, with an RMSEA of .05 or lower
considered to be a good fit (Browne & Cudeck, 1993; Kenny,
2015). Any models that are not considered as an acceptable or
good fit are thereby considered as a poor model fit.

Results

Data, analysis scripts, and results output are available via the
Open Science Framework: https://osf.io/hsqru/. The
descriptive statistics for the individual tasks are presented in
Table 2. The task-level correlation matrix is presented in
Table 3. Even at the task-level the sensory discrimination
tasks showed anywhere from small to high correlations with
the other cognitive tasks. The sensory discrimination tasks
correlated with each other moderately well, with loudness
discrimination having the highest correlations with the other
discrimination tasks.

Measurement model

First, we conducted an exploratory factor analysis to investi-
gate the latent structure of the tasks in a data-driven manner.
We used principal axis factoring with a varimax rotation.
Visual inspection of the scree plot indicated at least two fac-
tors. Three factors had eigenvalues greater than 1. Therefore,
we specified a model with three factors and a model with two
factors. The three-factor model is presented in Table 4. The
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Table 2  Descriptive statistics for each task in Study 1 (N = 331)

Mean (SD) Min—-max Skewness Kurtosis % Missing
Gf (ACC)
RAPM 8.7@3.7) 1-17 0.17 -0.88 1.8
LetterSets 14.4 (4.8) 2-26 -0.04 -0.39 2.1
NumberSeries 8.03.2) 1-15 0.32 -0.76 3.6
WMC (ACC)
SymSpan 23.3(10.2) 0-54 0.23 -0.28 3.6
OSpan 49.0 (18.3) 1-82 -0.34 -0.64 24
RotSpan 21.1 (9.8) 0-47 0.19 -0.32 4.5
Attention
Antisaccade (ACC) 0.79 (0.17) 033-1.0 -0.72 -0.58 0.3
Flanker (RT) 95.7 (42.5) 14.7 - 252.8 0.83 0.77 42
Stroop (RT) 153.0 (96.4) -49.7 — 500.6 0.65 0.70 33
Discrimination
Pitch (Hz) 16.2 (6.6) 2.5-235 -0.49 -1.15 24
Loudness (dB) 6.1 (3.0) 2.5-125 0.65 -0.86 3.6
Line (px) 13.9 (5.5) 8.5-35.0 1.48 235 1.5
Circle (px) 3.2 (0.9) 25-17.0 1.87 4.14 2.7

Gf fluid intelligence, WMC working-memory capacity, ACC accuracy, RT reaction-time interference effect, Hz hertz, dB decibels, px pixels

Gfand WMC tasks were calculated as total correct. Antisaccade was calculated as proportion correct

fluid intelligence tasks loaded heavily on the first factor,
which accounted for the most variance across tasks. The
complex-span tasks loaded heavily on the second factor. The
antisaccade and sensory discrimination tasks tended to load
onto the third factor; however, the antisaccade and pitch dis-
crimination also loaded onto the first factor. The Flanker and
Stroop tasks did not load well onto any factor. The two-factor
model was very similar except that the fluid intelligence and
working memory tasks loaded onto a single factor.

Next, we conducted a confirmatory factor analysis with
four factors (see Fig. 4). The model was a good fit, x2(59) =
99.57, p < .05, CFI = .97, RMSEA = .05 [.03, .06]. The cor-
relations among the four constructs were all high. Sensory
discrimination correlated with the other cognitive constructs
in a range of » = .70 - .90. This model is consistent with what
has been found with other modern studies of sensory discrim-
ination; that sensory-discrimination ability is highly correlated
with fluid intelligence and working-memory capacity (Deary

Table 3  Study 1 correlation matrix
RAPM LetterSets NumberSeries OSpan SymSpan RotSpan Antisaccade Flanker Stroop Pitch Loud Line Circle
RAPM (.81)
LetterSets 0.56 (.87)
NumberSeries 0.65 0.62 (.86)
OSpan 0.46 0.49 0.50 77)
SymSpan 0.51 0.46 0.42 0.56 (.82)
RatSpan 0.61 0.49 0.48 0.55 0.69 (.84)
Antisaccade  0.51 0.39 0.39 0.31 0.40 0.47 (.92)
Flanker -033  -0.18 -0.23 -0.18  -0.25 -0.17 -0.30 (.83)
Stroop -023  -0.19 -0.20 -0.15  -0.19 -0.21 -0.17 0.13 (.75)
Pitch -0.53 045 -0.49 -037  -0.38 -0.41 -0.46 0.26 0.18 (.96)
Loud -034  -0.31 -0.27 -028 -0.24 -0.38 -0.40 0.16 0.19 042 (.86)
Line -026  -0.21 -0.18 -021  -0.18 -0.29 -0.25 0.12 -0.00 020 032 (54
Circle -0.16  -0.16 -0.12 -0.16  -0.16 -0.19 -0.14 0.11 -0.02 016 027 0.15 (.86)

Computed correlation used pearson-method with pairwise-deletion. Split-half reliabilities are reported along the diagonal. Sensory discrimination task
reliabilities were computed using Cronbach’s alpha. Correlation in grey are non-significant, p > .05
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Table 4  Exploratory factor analysis — rotated factor loadings

Factor 1 Factor 2 Factor 3
RAPM 0.67 0.35 0.29
LetterSets 0.60 0.34 0.19
NumberSeries 0.79 0.26 0.10
SymSpan 0.30 0.75 0.19
OSpan 0.40 0.53 0.18
RotSpan 0.33 0.70 0.36
Antisaccade 0.41 0.23 0.44
Flanker -0.28 -0.10 -0.19
Stroop -0.22 -0.13 -0.10
Pitch discrimination -0.53 -0.17 -0.40
Loudness discrimination -0.21 -0.09 -0.70
Line discrimination -0.12 -0.13 -0.39
Circle discrimination -0.06 -0.10 -0.31

Note. Loadings < .30 are presented in gray. For each task, the loading in
bold font is the factor(s) the task preferred to load onto

et al., 2004; Meyer et al., 2010; Troche et al., 2014). Our
model provides evidence that sensory discrimination also cor-
relates highly with attention control.

For each of the latent constructs, we tested whether we
could restrict the correlation with sensory discrimination to »
=1 (Table 5). It did not impair model fit to restrict the corre-
lation between sensory discrimination and attention control to
r = 1. However, it did impair model fit if we restricted the
correlation between sensory discrimination and fluid intelli-
gence or working-memory capacity to 7= 1. This suggests that
all of the variance common amongst the individual sensory
discrimination tasks (line, circle, loud, and pitch) and attention
control tasks can be accounted for by a single factor. This is
consistent with the exploratory factor analysis.

Mediation models

Our hypothesis was that attention control can account for re-
lationship that sensory discrimination shares with fluid intel-
ligence and working-memory capacity. To test this hypothe-
sis, we conducted mediation analyses with structural equation
models. Following the advice of Baron and Kenny (1986) on
testing for mediation, we first examined the total relationship
of fluid intelligence to sensory discrimination (without atten-
tion control). Then we included attention control as a mediator
to test whether the total relationship from fluid intelligence to
sensory discrimination could be fully or partially accounted
for by attention control. We did the same thing replacing fluid
intelligence with working-memory capacity. These models
are presented in Fig. 5 and Fig. 6.

Fluid intelligence predicted statistically significant and
substantial variance (62.4%) in sensory discrimination (Fig.
5a). When attention control was included as a mediator, fluid
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intelligence no longer directly predicted statistically signifi-
cant variance in sensory discrimination (Fig. 5b). Next, we
compared the mediation model in Fig. 5b with a model in
which the direct path value from fluid intelligence to sensory
discrimination is set to 0; in other words, a model comparison
testing for full mediation versus partial mediation. The model
comparison provided evidence of full mediation, it did not
hurt model fit to restrict the direct path value to 0 [Ax*(1) =
.38, p > .05]. Attention control, therefore, fully mediated the
relationship between fluid intelligence and sensory
discrimination.

Working memory capacity predicted statistically signifi-
cant and substantial variance (47.6%) in sensory discrimina-
tion (Fig. 6a). When attention control was included as a me-
diator, working-memory capacity no longer directly predicted
statistically significant variance in sensory discrimination
(Fig. 6b). Model comparison provided evidence of full medi-
ation, it did not hurt model fit to restrict the direct path value to
0 [AX*(1) = .51, p > .05]. Attention control, therefore, fully
mediated the relationship between working-memory capacity
and sensory discrimination.

Discussion

In Study 1, we showed that attention control has a strong
relationship to sensory discrimination. In fact, the confirmato-
ry factor analyses suggest that this relationship is at or near
unity. This result suggests that the reason performance on one
sensory discrimination task (i.e., pitch) correlates with perfor-
mance on another sensory discrimination task (i.e., line
length) can be completely explained by attention control.
We did not find that fluid intelligence or working-memory
capacity correlated with sensory discrimination at unity.
Attention control was also able to fully mediate the relation-
ship between fluid intelligence/working-memory capacity and
sensory discrimination.

One potential limitation of our study is that our visual dis-
crimination tasks had poor loadings, leading our sensory-
discrimination factor to be biased towards auditory discrimi-
nation. There are many possible explanations for why the
visual discrimination tasks had poor loadings. It could be the
case that auditory discrimination more strongly correlates with
cognitive ability, but this interpretation is not consistent with
previous studies (Deary et al., 2004). It could also be because
the way we presented the visual and auditory stimuli were
inherently different. For the visual stimuli, both were present-
ed simultaneously on the screen, but we presented the auditory
stimuli sequentially with a delay between the two stimuli.
Sequential presentation increases the need for subjects to at-
tend to the stimuli because the representation of both events
must be maintained in order for them to be compared. For the
simultaneous presentation of our visual stimuli, subjects did



Atten Percept Psychophys

Intelligence

.80
_»| SymSpan
Working 81
81 Memory <.69 —»{  OSpan
Capacity
.84
Al RotSpan
.79 73
_»| Antisaccade
Attention —» Flanker
70 Control
A Stroop
P Pitch
—» Loudness
Sensory
Discrimination
> Line
N Circle

Fluid

¥  RAPM

—» NumSeries

A LetterSets

¥2(59)=99.57, p < .05, CFI = .97, RMSEA [95% CI] = .05 [.03, .06]

Fig.4 Confirmatory factor analysis of full measurement model. The numbers to the left of each task are the task loading value onto the factor. The model
was an excellent fit and all latent factors correlated highly with one another. N = 331

Table 5 Model comparisons restricting the correlation of each factor
with sensory discrimination to » = 1.0

Model' X’ df A Adf p
Attention control 10220 62 2.63 3 45
Fluid intelligence 13133 62 3176 3 <.001
Working-memory capacity  163.54 62 69.97 3 <.001
No restrictions 99.57 59

! Each of these restricted models are compared to the model in which all
correlations are freely estimated (no restrictions). Non-significant p-
values indicate that the restricted model is a better fit (there is no improve-
ment in model fit to estimate more parameters)

not have temporal constraints on attending to the stimuli to be
discriminated.

Although the low loadings of the visual discrimination
tasks could be considered a limitation, it can also provide
greater support for our findings. The reason for this is that
the attention control tasks are all completely visual tasks.
Our results show that the attention control based on visual
attention tasks correlates at or near unity with a dominantly
auditory sensory-discrimination factor. This suggests that our
results are not due to domain-specific effects in any sensory
modality but are domain general.
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Fig. 5 Structural equation models of the Fluid Intelligence predicting Sensory Discrimination (a) without Attention Control and (b) with Attention
Control as a mediator. Attention control fully mediated the relationship between fluid intelligence and sensory discrimination. N = 331

Another potential limitation was the low loading of the
Flanker and Stroop scores on the attention control factor in
comparison to the high loading of antisaccade. This biases the
attention control factor towards a single task, and it can be
argued that what we have is more of an antisaccade factor then
a general attention control factor (Draheim et al., 2019, 2020).
Ideally, the magnitude for factor loadings should be greater
than .35 (Bryne, 1994). The loadings for the Flanker and
Stroop scores on attention control were somewhat typical for
our lab but lower than what we ideally would like to see.

Study 2

The primary purpose of Study 2 was to replicate the findings
in Study 1 while addressing some measurement issues with
attention control. We examined the relationship between
sensory-discrimination ability and attention control when
using tasks that do not rely on reaction time, and specifically
reaction-time difference scores (for a more detailed review of
problems with reaction-time difference scores, see Draheim,
Mashburn, Martin, & Engle, 2019). First, it is a statistical
property for difference scores to have lower reliability than
their component scores (see Fig. 1 in Draheim et al., 2019).
Second, even within young adults, individual differences in
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the emphasis of speed versus accuracy can result in reaction-
time variables that are problematic and misleading (Draheim
et al., 2016; Hughes et al., 2014; Vandierendonck, 2018).
Reliance on reaction-time difference scores are prevalent in
the measurement of attention control and executive functions
and, as such, produce scores of demonstrably low reliability
(Draheim et al., 2016; Friedman & Miyake, 2004; Hedge
et al., 2018; Hughes et al., 2014; Miyake et al., 2000;
Oberauer et al., 2003; Paap & Oliver, 2016; Rey-Mermet
et al., 2018) and weaker relationships to other cognitive mea-
sures than predicted by theory (Draheim et al., 2019). Our
lab’s attention control factor typically consists of accuracy
rates on antisaccade trials, the color Stroop reaction time-
interference effect, and the arrow Flanker reaction time-
interference effect. Because of these aforementioned issues
with reaction time difference scores, this factor is dominated
by performance on the antisaccade.® As a result, the bulk of
reliable variance in this attention control factor is primarily
variance in the performance of the antisaccade task (see the

3 In their Appendix B, Rey-Mermet, Gade, and Oberauer (2018) present a
table of 23 experiments/studies assessing inhibition (what we call attention
control) at the latent level. As shown in the table, a common finding among
multiple labs is that one task “dominates” the construct such that it has very
high loadings, whereas the other tasks have low loadings. In many cases, the
dominant task was the antisaccade.
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Fig. 6 Structural equation models of the Working-Memory Capacity
predicting Sensory Discrimination (a) without Attention Control and
(b) with Attention Control as a mediator. Attention control fully mediated

correlations involving these tasks in Table 3; also see the poor
factor loadings for the Stroop and Flanker as opposed to the
antisaccade in Fig. 4). Therefore, we wanted to improve the
validity of our attention control factor by using tasks that do
not rely on reaction time or difference scores and instead rely
only on accuracy.

One potential criticism of not using tasks that rely on dif-
ference scores is that they are not process pure. Ignoring the
low reliability of difference scores, this would be a fair point if
subtraction methodology is a necessary condition of process
purity — however it is not. In fact, researchers are aware that
reaction-time difference scores are not process pure; they may
be contaminated with speed-accuracy interactions and pro-
cessing speed ability (J. Miller & Ulrich, 2013; Rey-Mermet
et al., 2018, 2019). The use of difference scores to isolate
cognitive mechanisms are appropriate with experimental de-
signs but are largely unreliable for individual differences re-
search (Hedge et al., 2018). In addition, difference scores are
designed to control for other processes at the within-subject
level and this control does not transfer to the between-subject
level (i.e., individual differences). For instance, a within-
subjects factor such as motivation (or insert any other factor
or cognitive process individuals can vary on) might be con-
trolled for between two conditions (e.g., congruent and

the relationship between working-memory capacity and sensory discrim-
ination. N = 331

incongruent) but this does not mean it is controlled for at the
between-subject level. Our approach to isolate cognitive
mechanisms in individual differences research is to use latent
variable analyses, such as structural equation modelling
(Engle & Martin, 2018). We discuss our approach to dealing
with confounding factors in more detail in the General
discussion.

This second study was part of a larger study in which we
explored whether we could develop new tasks that are more
reliable than the reaction-time difference score versions,
which could potentially allow us to more validly measure
individual differences in attention control. We report the reli-
ability and validity results of the larger study elsewhere
(Draheim et al. 2020; available at https://psyarxiv.com/
q985d/). Based on the larger study, the best three attention
control tasks were the antisaccade, selective visual arrays
with orientation judgment, and a newly developed task
called the sustained attention-to-cue task. These tasks were
selected based on results from Draheim et al. (2020), indepen-
dently of their relationship to sensory discrimination (the
sensory discrimination tasks were not analyzed in Draheim
et al., 2020).

In this study, we are able to compare our findings using
both our traditional reaction-time difference score versions
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and our new tasks. It has been suggested that after accounting
for general processing speed, there is no unitary attention con-
trol construct; in other words, individual differences in atten-
tion control are really differences in processing speed (Rey-
Mermet et al., 2018, 2019). We will also be able to assess the
role of processing speed in these tasks and the relationship
between attention control and sensory discrimination; and
therefore, provide evidence of divergent validity between at-
tention control and processing speed.

Another difference between Study 2 and Study 1 is the use
of only auditory discrimination tasks. In Study 2, we used the
loudness and pitch discrimination tasks from Study 1 and
added a tone duration discrimination. Although this makes
the sensory-discrimination factor less “general,” this can be
viewed as a slightly more stringent test of the relation between
attention control and sensory discrimination. This is because
the attention control tasks rely heavily on visual and oculomo-
tor processes, whereas the sensory discrimination tasks de-
pend on auditory processes. Therefore, any relation between
attention control and sensory-discrimination ability cannot be
attributed to domain-specific processes in one sensory modal-
ity. Finally, we also included a test-retest reliability of the
sensory discrimination tasks.

Method
Subjects

The study was conducted at the Georgia Institute of
Technology in Atlanta, GA, USA. The study consisted of four
2-hour sessions. All subjects were required to be native
English speakers (i.e., learned English before the age of 5
years), 18-35 years of age, and not to have participated in a
study with our lab before. No screening on vision or hearing
was performed. Subjects were compensated with an average
of $35 on each session. There was also an option for Georgia
Tech students to receive 2 h of course credits instead of mon-
etary compensation on each session. This study was approved
by the Georgia Institute of Technology’s Institutional Review
Board under Protocol H16409.

The data analyzed in this study were part of a larger data
collection sample. The following link has a summary of the
larger data collection procedure and a reference list of all
publications to come out of this data collection sample with
information on which tasks were used for each publication:
https://osf.io/s5kxb/.

A total of 403 subjects completed the entire study and 11
subjects were removed due to having excessive missing data,
for a final sample size of 392. Monte-Carlo simulations sug-
gest that for stable estimates of correlations sample size should
approach 250 (Schonbrodt & Perugini, 2013). A subject may
have missing data on a task for a variety of reasons including
lost data file, task crashed before they could finish, or they did
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not meet a certain criterion of performance. The criteria of
performance are defined on a task-by-task basis and are de-
scribed in more detail for each task in the Scoring criteria
section. Table 6 displays the demographics for the final 392
subjects.

Tasks and procedures

Subjects performed a battery of cognitive tasks in a group
running room. The group running room had five subject sta-
tions and one research assistant monitored all subjects. The
tasks were performed on a Windows 7 computer with an
LED-backlit LCD monitor and subjects wore headphones dur-
ing all tasks. The tasks were programmed in E-Prime 2.0.10
software (Psychology Software Tools, Inc. [E-Prime 2.0],
2016).

We measured working-memory capacity with the ad-
vanced versions of the operation span, symmetry span, and
rotation span tasks. The tasks to measure fluid intelligence
were the Raven’s advanced progressive matrices, letter sets,
and number series. The procedures for the tasks used to mea-
sure working-memory capacity, fluid intelligence, Flanker,
and Stroop were identical to those used in Study 1, and there-
fore will not be described here. However, in Study 2, 144 trials
were administered for the Flanker and Stroop tasks (there were
216 and 486 trials in Study 1, respectively).

Attention control Based on our findings from the larger study,
in which we investigated the reliability and validity of atten-
tion tasks that do not rely on difference scores, the three tasks
that were ranked the highest across various measures of reli-
ability and validity were the antisaccade, selective visual ar-
rays, and the sustained attention to cue task (Draheim et al.,
2020). The antisaccade and selective visual array tasks were
already existing tasks used in the literature of attention and

Table 6 Subject demographics for Study 2 (N = 392)

Demographic Statistic

Age (years) Mean: 22
SD: 4.5

Gender Male: 39%
Female: 60%
Other: 1%

College student’ Yes: 94.1%
No: 5.9%

Ethnicity” White: 28.6%

Black or African American: 31.2%
Asian or Pacific Islander: 31.0%
Other: 9.2%

! College students included Georgia Tech and other colleges in Atlanta.
47% of college students were from Georgia Tech

2«Other” includes Native American, Hispanic or Latino, Mix, and Other
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48 trials were presented for each array set size. The de-
pendent variable was a capacity score (k), which is calcu-

working memory. The sustained attention to cue task was a
new task that we developed.

Antisaccade. The procedures for the antisaccade are the
same as in Study 1 with two exceptions. In Study 2, the
antisaccade had 72 trials (48 trials in Study 1) and the task
included eye tracking. Because the eye-tracking data are
not reported here, the eye-tracking methods will not be
described in detail. The eye-tracking procedure did re-
quire an initial calibration of the eye tracker with the
subject’s position before reading instructions for the task.
No chinrest was used, but the subject was instructed to try
to remain in the same seating position throughout the
duration of the task. Other than that, there were no other
demands on the subject due to the eye tracking.

Selective visual arrays with orientation judgment
(VAorient-S). In this task subjects had to decide whether
a probe array of stimuli was the same or different from the
target array (Luck & Vogel, 1997; Shipstead et al., 2014).
The stimuli were red (RGB: 255, 0 0) and blue (RGB: 0,
0, 255) rectangles in various orientations (horizontal, left
diagonal, right diagonal, or vertical). Specifically, they
had to make a judgment as to whether a single rectangle
in the probe array had remained in the same orientation or
was in a different orientation as the target array. They
responded by pressing the 5 and 6 keys on the numpad,
labeled “Yes” and “No” respectively. The trial sequence
is presented in Fig. 7. Prior to each trial subjects were
reminded to respond “Yes” for a same judgment and
“No” for a different judgment and had to press the
spacebar for the trial to begin. Thus, the task was self-
paced. After pressing the spacebar, there was a 1-s blank
screen followed by a screen with a central fixation (+) for
1 s. After the fixation, a cue was presented, “RED” or
“BLUE”, to instruct the subject to attend to either red or
blue rectangles; this was followed by a blank screen for
100 ms. Next, a target array of blue and red rectangles
differing in orientation (horizontal, left diagonal, right
diagonal, or vertical) were presented for 250 ms. After a
delay (blank screen) of 900 ms, a probe array with only
the color of rectangles they were cued to attend to was
presented with one of the rectangles highlighted by a
white dot. The rectangle with the white dot changed ori-
entation on 50% of the trials and remained the same on
the other 50% of trials, while all other rectangles were
identical to the target array. The probe array remained on-
screen until a response was made. The subject had to
make a response as to whether the rectangle remained
in the same orientation, “Yes,” or was in a different ori-
entation, “No.” The background color was set to “silver”
(RGB: 192, 192, 192) and all words and fixation crosses

lated using the single-probe correction (Cowan et al.,
2005; Shipstead et al., 2014). This calculation is N * (hits
+ correction rejections — 1), where N is the set size for that
array. This calculation results in two separate k scores,
one for set size 5 and one for set size 7, and the final
dependent variable was the average k for these two set
sizes.

Sustained attention-to-cue task (SACT). In this task,
subjects needed to sustain their attention on a visual
circle cue presented at random locations on the screen
and ultimately identify a target letter presented briefly
at the center of the cue (Fig. 8). This task was designed
as an accuracy version of the psychomotor vigilance
task (Dinges & Powell, 1985), with the addition of a
distractor similar to that used in the antisaccade task.
The stimuli for the task were presented against a gray
background. Each trial started with a central black fix-
ation. On half of the trials, the fixation was presented
for 2 s and for the other half the fixation was presented
for 3 s. After the fixation, following a 300-ms tone, a
large white circle cue was presented in a randomly
determined location on either the left or right side of
the screen. To orient the subject on the circle cue, the
large circle began to immediately shrink in size until it
reached a fixed size. Once the cue reached the fixed
size, after a variable wait time (equally distributed
amongst 2, 4, 8, and 12 s), a white asterisk meant to
serve as a distractor appeared at the center of the
screen. The asterisk blinked on and off in 100-ms in-
tervals for a total duration of 400 ms. Then, a 3 x 3
array of letters was displayed at the center of the cue.
The letters in the array consisted of B, D, P, and R. The
central letter was the target letter and was presented in
a dark gray font. The non-target letters were presented
in black font with each letter occurring twice in the
array and the target letter occurred three times. After
125 ms the central letter was masked with a # for 1,000
ms. Only the central target letter was masked. After the
mask, the response options were displayed in boxes
horizontally across the upper half of the screen. The
subject used the mouse to select whether the target was
a B, D, P, or R. Feedback was given during the prac-
tice trials but not the experimental trials. Accuracy rate
was the dependent variable.

were in black. The target array contained either five or ~ Sensory discrimination To measure sensory discrimination,
seven rectangles per color (10 and 14 total), and a total of ~ we used three auditory discrimination tasks. The procedures
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Fig. 7 Trial sequence for the selective visual arrays task

for the pitch and loudness discrimination tasks were identical
to those used in Study 1 with the exception that the tasks
included eye tracking. Because the eye-tracking data are not
reported here, the eye-tracking methods will not be described
in detail. The eye-tracking procedure did require an initial
calibration of the eye tracker with the subject’s position before
reading instructions for the task. No chinrest was used, but the
subject was instructed to try to remain in the same seating
position throughout the duration of the task. Other than that,
there were no other demands on the subject due to the eye
tracking. The critical dependent measure on all sensory dis-
crimination tasks is the average difference value of the last
four reversals. As in Study 1, we conducted all the analyses
using various dependent measures and overall the interpreta-
tion of the models was the same regardless of which estimate
was used.

Duration discrimination. For this task subjects were pre-
sented with two auditory tones and indicated which tone
was of longer duration. The two tones were presented
with a 500-ms interstimulus interval. After the tones
had played, the subject was given unlimited time to de-
cide which tone was of longer duration. All tones were
pure and at 700 Hz and 60 dB. All tones had a 5-ms fade-
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Until response

in at the beginning of the tone and a 5-ms fade-out at the
end of the tone. For half of the trials the first tone had a
longer duration and for the other half the second tone had
a longer duration.

The first trial started at a tone duration difference of 100
ms. For the first six trials the duration difference decreased
(after correct trials) by 20 ms and increased (after incorrect
trials) by 60 ms. After the first six trials the duration difference
decreased by 10 ms and increased by 30 ms. The minimum
duration difference was 10 ms and the maximum duration
difference was 150 ms. There was a total of 64 trials.

Processing speed A subset of subjects, N = 176, were recruit-
ed to come back for additional sessions in which they per-
formed various tasks including parts of the Armed Services
Vocational Aptitude Battery, multitasking tasks, and process-
ing speed measures. Only the processing speed measures are
relevant to this paper and therefore reported here. All process-
ing speed measures were computerized versions of paper and
pencil tests. In each case, subjects were instructed to respond
as quickly and accurately as possible, but consistent with stan-
dard administration procedures, subjects were not alerted of
the time limits of each task.
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2 or 3 sec.

2-12 seconds

Fig. 8 Trial sequence for the sustained attention-to-cue task

Letter string comparison. In this version of the Letter
String Comparison Task (Salthouse & Babcock, 1991;
Shipstead et al., 2014), subjects viewed strings of three,
six, or nine consonants appearing to the left and right of a
central line. The letter strings could either be the same or
differ by a single letter. If different, the mismatching letter
could appear in any location in the string. Subjects indi-
cated their response by clicking on a button on the screen
labeled SAME for identical strings or DIFF for
mismatching strings. Letters were printed in white size
18 Courier New font on a black background. After com-
pleting six practice trials, subjects completed two 30-s
blocks of the task. The dependent variable was the num-
ber of accurate responses across both blocks.

Digit string comparison. The Digit String Comparison
task (Redick et al., 2012; Salthouse & Babcock, 1991)
was identical to the Letter String Comparison, except that
subjects viewed and made judgments about strings con-
taining three, six, or nine digits.

Digit symbol substitution. This adaptation of the Digit
Symbol Substitution Task (Wechsler, 1997) has been
modified to make it more amenable to computer admin-
istration and response collection via a standard number
pad. The symbols used were the same as the paper-and-
pencil version of the task, and we endeavored to maintain
the same basic demands. However, rather than viewing
digits and reporting corresponding symbols, this task re-
quired subjects to view symbols and report the corre-
sponding digits. On each trial, subjects were presented
with two boxes juxtaposed one on top of the other in
the center of the screen. A symbol appeared in the bottom
box. Subjects were to consult a key presented at the top of
the screen, and to indicate via key press with the digit that
belonged in the top box. After ten practice trials, subjects
completed 90 s of the task. The dependent variable was

1 second

Response

the number of correctly reported digits during that 90-s
period.

Test-retest reliability

As part of the large-scale study that this was a part of, we
collected test-retest reliability on a number of attention control
tasks and the sensory discrimination tasks. We will not present
data from the attention control tasks as that is part of a larger
study; more directly relevant to this study is the test-retest
reliability of the sensory discrimination tasks. For the sensory
discrimination tasks, we brought back a total of 63 subjects.
The average time between administration of test-retests was
190 days.

Data processing and analysis

Scoring criteria The same scoring criteria were used as from
Study 1 and will not be described in detail again. For the visual
arrays 4 task, if the subjects mean accuracy was 3.5 SDs below
the mean, then their & score for that task was removed. Then
for every task, we removed univariate outliers by removing
task scores that were 3.5 SDs above or below the mean for that
task. If a subject had missing or removed data on more than
half of the task indicators for any one construct they were
completely removed from any further analyses. After using
these scoring criteria, a total of 11 subjects were removed from
further analyses resulting in a final sample size of 392.

Data analysis We performed the exact same statistical analy-
ses in Study 2 as we did in Study 1. All analyses were con-
ducted in R statistical software (R Core Team, 2018). The R
package lavaan (Rosseel, 2012) was used for all confirmatory
factory analyses and structural equation models, treatment of
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missing values was set to full-information maximum likeli-
hood. The same criteria for model fit in Study 1was used in
Study 2.

Results

Data, analysis scripts, and results output are available via the
Open Science Framework: https://osf.io/hsqru/. The
descriptive statistics for the individual tasks are presented in
Table 7. The task-level correlation matrix is presented in
Table 8. Again, the sensory discrimination tasks correlated
moderately with the other cognitive tasks, but slightly lower
than in Study 1. The sensory discrimination tasks also showed
high internal consistency; they tend to correlate more with
each other than with the cognitive tasks.

First, we present structural equation models using the new
attention control tasks as our primary analysis. We follow up
this analysis with models using the same attention control
construct used in Study 1. That is, we used a latent consisting
of the antisaccade, and the reaction-time difference score ver-
sions of the Stroop and Flanker. We also present the test-retest
reliability of the sensory discrimination tasks. Finally, we
present some models controlling for processing speed.

Measurement model

First, we conducted an exploratory factor analysis to investi-
gate the latent structure of the tasks in a data-driven manner.

We used principal axis factoring with a varimax rotation.
Visual inspection of the scree plot indicated at least three
factors. Three factors had eigenvalues greater than 1.
Therefore, we specified a model with four factors and a model
with three factors. The four-factor model is presented in
Table 9. The fluid intelligence tasks loaded heavily on the first
factor, which accounted for the most variance across tasks.
The complex-span tasks loaded heavily on the second factor.
The sensory discrimination tasks and the SACT loaded onto
the third factor. The antisaccade, visual arrays, and SACT
tasks loaded onto the fourth factor. The three-factor model
was similar except that the attention control and sensory dis-
crimination tasks loaded onto a single factor. Therefore, the
attention control and sensory discrimination tasks could either
load onto a single factor or separate factors.

Next, we conducted a confirmatory factor analysis with
four factors (see Fig. 9). The model was a good fit, x*(48) =
111.19, p< .05, CFI= .96, RMSEA = .06 [.04, .07]. Except for
the correlation between working-memory capacity and senso-
ry discrimination (r = .41), the correlations among the four
constructs were all high. Sensory discrimination correlated
with the other cognitive constructs in a range of r = .41 -
.79. Overall, compared to Study 1 the latent variables shared
less variance with each other.

For each of the latent constructs, we tested whether we
could set the correlation with sensory discrimination to » = 1
(Table 10). Model fit was impaired when the correlation of
sensory discrimination with either attention control, fluid

Table 7 Descriptive statistics for each task in Study 2 (N = 392)

Mean (SD) Min—max Skewness Kurtosis % Missing
Gf (ACC)
RAPM 10.2 (3.3) 1-18 -0.46 -0.16 0.00
LetterSets 17.0 (4.4) 5-28 -0.33 -0.28 0.51
NumberSeries 9.8 (3.1) 2-15 -0.42 -0.46 0.26
WMC (ACC)
SymSpan 27.7 (10.6) 0-54 -0.10 -0.39 1.79
OSpan 55.4 (15.9) 4-82 -0.75 0.13 0.77
RotSpan 24.3 (9.4) 0-49 -0.13 -0.23 1.02
Attention
Antisaccade (ACC) 0.79 (0.15) 0.28-1.0 -0.87 -0.01 2.30
SACT (ACC) 0.70 (0.19) 0.16—1.0 -0.75 -0.08 3.86
VAorient-S (k) 1.86 (1.17) 0-532 0.19 -0.59 0.77
Flanker (RT) 80.2 (44.2) -93.1-240.9 0.89 2.28 3.83
Stroop (RT) 130.9 (86.1) -81.8-452.9 0.75 0.79 4.08
Discrimination
Pitch (Hz) 13.3 (6.8) 2.5-235 0.18 -1.43 1.02
Loudness (dB) 49 (2.5) 25-125 1.28 0.75 1.28
Duration (ms) 62.9 (31.7) 25-145 0.96 0.03 2.30

Note. Gffluid intelligence, WMC working-memory capacity, ACC accuracy, RT reaction time interference effect, Hz hertz, dB decibels, ms milliseconds

Gf and WMC tasks were calculated as total correct. Antisaccade and SACT were calculated as proportion correct. VAorient-S was calculated as &
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Table 9  Exploratory factor analysis — rotated factor loadings

Factor |  Factor2  Factor3  Factor 4
RAPM 0.62 0.33 0.25 0.12
LetterSets 0.62 0.28 0.16 0.11
NumberSeries 0.72 0.20 0.15 0.16
SymSpan 0.20 0.78 0.08 0.25
OSpan 0.28 0.62 0.15 -0.08
RotSpan 0.33 0.63 0.08 0.32
Antisaccade 0.30 0.21 0.36 0.46
VAorient-S 0.33 0.29 0.29 0.40
SACT 0.05 0.11 0.49 036
Pitch Discrimination -0.32 -0.18 -0.48 -0.09
Loudness Discrimination ~ -0.13 -0.02 -0.66 -0.19
Duration Discrimination ~ -0.16 -0.14 -0.70 -0.01

Note. Loadings < .30 are presented in gray. For each task, the loading in
bold font is the factor(s) the task preferred to load onto

intelligence, or working-memory capacity was set to » = 1.
Unlike Study 1, in Study 2 attention control could not account
for all the variance shared amongst the sensory discrimination
tasks. However, sensory discrimination still correlated highly
with attention control (r = .79). The confirmatory factor anal-
ysis suggests that a four-factor model is preferred over a three-
factor model, in which the attention control and sensory dis-
crimination tasks load onto a single factor.

Mediation model

Again, we asked whether attention control can account for the
relationship that sensory discrimination shares with fluid in-
telligence and working-memory capacity. To test this hypoth-
esis, we conducted mediation analyses with structural equa-
tion models. Following the advice of Baron and Kenny (1986)
on testing for mediation, we first examined the total relation-
ship of fluid intelligence to sensory discrimination (without
attention control). Then we included attention control as a
mediator to test if the total relationship from fluid intelligence
to sensory discrimination could be fully or partially accounted
for by attention control. We did the same thing replacing fluid
intelligence with working-memory capacity. These models
are presented in Figs. 10 and 11.

Fluid intelligence predicted statistically significant vari-
ance (36.0%) in sensory discrimination (Fig. 10a). When at-
tention control was included as a mediator, fluid intelligence
no longer directly predicted statistically significant variance in
sensory discrimination (Fig. 10b). Next, we compared the
mediation model in Fig. 10b with a model in which the direct
path value from fluid intelligence to sensory discrimination is
set to 0; in other words, a model comparison testing for full
mediation versus partial mediation. The model comparison
provided evidence of full mediation, it did not hurt model fit

@ Springer

to restrict the direct path value to 0 [Ax*(1) = .04, p > .05].
Attention control, therefore, fully mediated the relationship
between fluid intelligence and sensory discrimination, repli-
cating our findings from Study 1.

Working-memory capacity predicted statistically signifi-
cant variance (16.8%) in sensory discrimination (Fig. 11a).
When attention control was included as a mediator,
working-memory capacity no longer positively predicted var-
iance in sensory discrimination but the relationship reversed to
negative and statistically significant (Fig. 11b). Model com-
parison provided evidence that it did hurt model fit to restrict
the direct path value to 0 [Ax*(1) = 6.70, p < .05]. These
results are a bit odd and difficult to interpret. The total vari-
ance between working-memory capacity and sensory discrim-
ination (16.8%) was reduced to 7.8% when accounting for
attention control — however, the direction of the relationship
reversed. Therefore, the most we can conclude form this mod-
el is that attention control accounted for the positive relation-
ship between working-memory capacity and sensory
discrimination.

Flanker and Stroop

We conducted the same analyses using the reaction-time dif-
ference score versions of the Stroop and Flanker. In the con-
firmatory factor analysis (Fig. 12), for the most part, the latent
correlations were equivalent to the models that used the new
tasks instead. However, the correlation between attention con-
trol and sensory discrimination was slightly lower (» = .71
compared to » = .79). While the factor loadings were not
problematic when the new tasks were used, the factor loadings
for Flanker and Stroop were very poor in this model (Flanker
=-.26, Stroop = -.27, Antisaccade = .73). This means most of
the variance in the attention control factor was heavily biased
towards the antisaccade task; the reaction-time difference
score versions of the Flanker and Stroop contributed very little
reliable variance. The structural equation models fully repli-
cated what was found in Study 1. Attention control fully me-
diated the relationship of fluid intelligence/working-memory
capacity to sensory discrimination (Figs. 13 and 14).

Test-retest reliability

To calculate the test-retest reliability of the sensory discrimi-
nation tasks we simply correlated the scores at the first admin-
istration with the scores at the second administration. The test-
retest reliabilities are presented in Table 11. Given that the
average time between administrations was 6 months, exceed-
ingly long for a typical test-retest study, these correlations
represent a moderate to high reliability of the sensory discrim-
ination tasks, especially the pitch discrimination task (r =.81).
This provides even greater confidence that our findings over
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Fig. 9 Confirmatory factor analysis of full measurement model. The
numbers to the left of each task were the task loading value onto the
factor. The model was an excellent fit and all latent factors correlated

Table 10  Model comparisons setting the correlation of each factor with
sensory discrimination to » = 1.0

Model' X df  Ay? Adf p
Attention control 156.11 51 4492 3 <.001
Fluid intelligence 23134 51 12015 3 <.001
Working-memory capacity  299.32 51  188.14 3 <.001
No restrictions 116.96 48

! Each of these restricted models are compared to the model in which all
correlations are freely estimated (no restrictions). Non-significant p-
values indicate that the restricted model is a better fit (there is no improve-
ment in model fit to estimate more parameters)

highly with one another, with the exception of Working Memory
Capacity and Sensory Discrimination. N = 392

Studies 1 and 2 are moderately to highly reliable and stable
over time.

Processing speed

Processing speed may potentially be a confounding factor, in
that it has been suggested that processing speed is the reason
attention control tasks correlate with one another (Rey-
Mermet et al., 2018, 2019). Therefore, it is important to test
whether processing speed can account for our findings. We
were able to test this in a smaller sub-sample of N = 176. The
confirmatory factory analysis (Fig. 15) showed that attention
control and sensory discrimination are still highly correlated
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Fig. 10 Structural equation models of the Fluid Intelligence predicting Sensory Discrimination (a) without Attention Control and (b) with Attention
Control as a mediator. Attention control fully mediated the relationship between fluid intelligence and sensory discrimination. N = 392

in this sub-sample. Processing speed is also moderately corre-
lated with both attention control and sensory discrimination.
We tested whether processing speed can account for any var-
iance between attention control and sensory discrimination by
including it as a mediator (Fig. 16). It did not; processing
speed did not account for any variance between attention con-
trol and sensory discrimination. The effect of attention control
on sensory discrimination through processing speed was small
and non-significant, b = -.07, p > .05. This provides some
evidence that individual differences in processing speed can-
not account for our findings.

To further test the role of processing speed in the attention
control tasks, we extracted variance common to the processing
speed measures out of the attention control tasks and again
tested the relationships to sensory discrimination (Fig. 17).
The model suggests that there is some variance in the attention
control tasks that is common with the processing speed mea-
sures; however, attention control is still a stronger predictor of
sensory discrimination. This is a rather strong test as the pro-
cessing speed factor is now the more “general” factor as it has
more tasks loading onto it. It likely contains more than just
processing speed variance. The attention control factor, how-
ever, now has less variance and is the less “general” factor;
yet, it is still a stronger predictor.
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Discussion

In Study 2, we again showed that attention control is an im-
portant construct in accounting for the relationship between
sensory discrimination and fluid intelligence/working-
memory capacity. Overall, in Study 2 the correlations
amongst all the latent factors were smaller than Study 1. In
Study 1, the mean correlation amongst the latent factors was r
=.79, and in Study 2 it was » = .66. Unlike Study 1, we did not
find that we could set the correlation between attention control
and sensory discrimination to » = 1; however, the correlation
was still high 7 = 0.79. This suggests that most of the variance
shared among the sensory discrimination tasks can be
accounted for by individual differences in attention control.
As in Study 1, attention control fully mediated the relationship
between fluid intelligence and sensory discrimination; how-
ever, the mediation with working-memory capacity was more
complicated. Therefore, the main findings in Study 1 were for
the most part replicated in Study 2. We were also able to show
that processing speed cannot account for our findings.
Whether we controlled for processing speed at the latent
construct-level or task-level, processing speed was not able
to account for the relationship between attention control and
sensory discrimination.
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Fig. 11 Structural equation models of the Working-Memory Capacity predicting Sensory Discrimination (a) without Attention Control and (b) with

Attention Control as a mediator. N = 392

There are some important differences between the sample
of subjects from Study 1 and those from Study 2. In Study 1,
there was an even balance of college and non-college
(community) subjects, whereas in Study 2 almost the entire
sample was college students. This can potentially skew the
distribution towards higher ability subjects. Although we re-
cruited from a range of colleges and technical schools in
Atlanta, about 50% of Study 2 subjects (vs. 24% in Study 1)
were Georgia Tech students (a highly competitive engineering
school). As such, there was a higher mean performance and
smaller SD on every task in Study 2 compared to Study 1.
These differences in subject samples may be one reason there
were overall lower correlations amongst the latent factors in
Study 2, and the reason attention control and sensory discrim-
ination did not correlate at 7 = 1.

Another difference between the two studies is that in Study
2 we used only auditory discrimination tasks, leading to a less
“general” discrimination factor. Given that the attention con-
trol tasks all rely heavily on visual processing, our failure to
replicate this finding from Study 1 may be due to one factor
being more visual and the other more auditory. Despite these
potential differences in sense modality between the two fac-
tors, we still find a high correlation between the two factors, »
=.79, and the model with the correlation set to » = 1 is still a
good fitting model.

General discussion

In two studies we have shown that attention control plays a
prominent role in sensory discrimination. First, we found that
the correlation between attention control and sensory-
discrimination ability is high; » = 0.79 — .90 (Fig. 4 and Fig.
9). Although there may be differences in domain-specific
sense faculties, our results suggest any shared relations at the
“general” or cross-domain level can largely be attributed to
attention control processes. More importantly, we also found
that attention control fully mediated the relationships of fluid
intelligence and working-memory capacity to sensory dis-
crimination (Figs. 5, 6, 10, and 11). We were also able to rule
out the effects of processing speed in accounting for the rela-
tionship between attention control and sensory discrimination
(Figs. 16 and 17). Based on the results from our two studies,
we argue that attention control is the reason sensory discrim-
ination correlates with fluid intelligence.

It could also be argued that on face value, whereas the
attention control tasks require some degree of discrimination,
the sensory discrimination tasks do not require distractor in-
terference or response inhibition. Therefore, it could be that
sensory discrimination is the more fundamental process that is
common to the attention control and sensory discrimination
tasks. Because our studies were correlational in nature, we
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Fig. 12. Alternative confirmatory factor analysis of full measurement model in Study 2 with traditional Flanker and Stroop. N = 392

cannot determine causal direction. However, we can test
whether attention control or sensory discrimination is more
fundamental in accounting for variance associated with fluid
intelligence. If sensory discrimination mediates the relation-
ship between fluid intelligence and attention control, this
would suggest that attention control is related to fluid intelli-
gence only due to processes of sensory discrimination and the
possibility that sensory discrimination is more fundamental is
viable. If sensory discrimination does not mediate this rela-
tionship, then this would suggest that attention control is re-
lated to fluid intelligence above and beyond sensory discrim-
ination. Therefore, not only would attention control fully ex-
plain why sensory discrimination correlates with fluid intelli-
gence, but there is additional non-sensory discrimination re-
lated variance in attention control related to fluid intelligence.

@ Springer

This would provide discrimination validity to the interpreta-
tion that attention control is more fundamental to processes of
sensory discrimination rather than vice versa.

The near perfect correlation between attention control and
sensory discrimination, » = .90, in Study 1 is a limitation in
terms of testing for this. If two variables correlate at » =.90, it
is no surprise that they would also mediate each other’s rela-
tionships with other variables. However, in Study 2, because
attention control and sensory discrimination had a smaller but
still high correlation, » = .79, we can test this model without
the limitation from Study 1. Testing this model showed that
sensory discrimination cannot fully mediate the relationship
between attention control and fluid intelligence or working-
memory capacity (Figs. 18 and 19). In other words, sensory
discrimination cannot account for the relationship of attention
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Fig. 13 Alternative structural equation models of Attention Control (with traditional Flanker and Stroop) mediating the Fluid Intelligence—Sensory

Discrimination relationship in Study 2. N =392

control with fluid intelligence and working-memory capacity.
This provides discriminate validity for our interpretation that
attention control drives performance across various sensory
discrimination tasks and not vice versa.

While our results suggest an important role of attention
control in sensory-discrimination ability and its relationship
with fluid intelligence, they do not tell us anything about how
attention control plays a role in sensory discrimination. The
strong correspondence between attention control and sensory
discrimination may seem surprising given that there are no
distractors or prepotent response that are typical of situations
that require the control of attention. In the Introduction, we
defined attention control as the general ability to engage ex-
ecutive control functions that guide the focus of attention in a
goal-directed manner. We also stated that individual differ-
ences in the ability to control attention manifest when

automatic processes are in conflict with goal-oriented process-
es. Yet, such conflict appears to be absent in simple sensory
discrimination tasks.

Identifying the stages at which attention is essential during
performance of simple sensory discrimination tasks can help
to elucidate the role of attention control. Due to the nature of
how we administered the visual versus auditory discrimina-
tion tasks, the processes may differ slightly between the two
sets of tasks. In the auditory discrimination tasks from Study 1
and 2, we presented the two to-be discriminated tones sequen-
tially separated by 500 ms, and each tone only occurred for a
brief duration. First of all, encoding of the first tone will de-
pend on the intensity and selectivity of attention. If there oc-
curs a lapse of attention, such as in the form of mind-wander-
ing, just before or during the first tone, then encoding the
quality (pitch, loudness, or duration) of the first tone will lead
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Fig. 14 Alternative structural equation models of Attention Control (with traditional Flanker and Stroop) mediating the Working-Memory Capacity —
Sensory Discrimination relationship in Study 2. N = 392
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Table 11 Test-retest correlations. N = 63

Task Test-retest correlation
Duration 0.53

Loud 0.52

Pitch 0.81

to a poor representation. Such lapses of attention occur due to
executive control failures to maintain task goals, and the fre-
quency of such lapses is correlated with individual differences
in working-memory capacity and attention control (McVay &
Kane, 2009; Unsworth & McMillan, 2014). After encoding of
the first tone, the representation of the tone must be
maintained in working memory to be compared with the sec-
ond tone. If the first tone is not maintained, the representation

Processing
Speed

Attention

Discrimination

may decay or face interference from internal distractions
(mind-wandering) and external distractions (noises in the en-
vironment). Then, encoding the second tone will, again, de-
pend on maintaining task goals and reducing interference
from internal and external distractions. Finally coming to the
actual act of discrimination, the difference in quality of the
two tones needs to be compared in working memory. The ease
and success of making this comparison will depend on all the
prior steps just outlined. Essentially, the more focused or at-
tentive one is on a trial-by-trial basis the finer sensory discrim-
inations they will be able to make.

While this account suggests that internal distractors are a
major source of individual differences in attention control on
sensory discrimination performance, prior research on mind-
wandering suggest only a small to moderate relationship of
mind-wandering with working-memory capacity and
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Fig. 15 Confirmatory factory analysis with processing speed, attention control, and sensory discrimination. N = 176
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Fig. 16 Structural equation model with (a) attention control predicting
sensory discrimination, and (b) processing speed included as a mediator.
There are two paths from attention control to sensory discrimination. The
direct path is the solid line with a value of .87. The indirect path is the

attention control (McVay & Kane, 2009; Robison et al.,
2017). Therefore, it would not be expected that internal dis-
traction would fully account for the relationship between at-
tention control and sensory discrimination.

Another possibility has to do with role of attention at the
stage of encoding the stimuli. The role of attention on early
and late perceptual stages of processing is well studied in the
neurophysiological and neuroimaging literatures (Deco &
Rolls, 2005; Kok, 1997; Luck et al., 2000; O’Craven et al.,
1997; Usher & Niebur, 1996). One of the most influential
theories, biased competition theory, states that attention to
one stimulus or stimulus feature biases the neural activation
in neurons that respond to that stimulus or stimulus feature
(Desimone & Duncan, 1995). This bias is not only observed
by an increased activation in the relevant brain areas but an
inhibition of activity in nearby non-relevant brain areas, there-
by increasing the signal-to-noise ratio of attended stimuli over

Antisaccade \

48

Attention

Control

VAorient-S

NumComp |«
97

LetterComp [« .69 Speed

DigitSymbol [ 4

.70

42

Processing /

dotted line, with a value of -.07, that goes through processing speed first
then sensory discrimination. This represents the effect of attention control
on sensory discrimination that can be explained by processing speed. All
dotted lines are non-significant paths. N = 176

unattended stimuli. Most neural models of top-down attention
on perception are based on similar principles as the biased
competition theory (Usher & Niebur, 1996). The basic idea
is that attention to a stimulus or stimulus feature enhances its
activation and thereby representation of the stimulus for later
stages of processing (Kok, 1997; O’Craven et al., 1997; Treue
& Martinez-Trujillo, 2006). Accordingly, in performing a sen-
sory discrimination task, greater attention to the tone stimuli
(over other sounds and visual objects) will enhance the neural
activation associated with the tones and thereby lead to greater
discrimination between the two tones (for an example of how
attention can enchance discrimination, see Pestilli & Carrasco,
2005). Therefore, we are suggesting that even in the absence
of task-relevant distractors or prepotent responses, attention
control biases early sensory processing by increasing signal-
to-noise ratio and thereby resulting in greater sensory discrim-
ination. Specifically, those with higher attention control are

B Pitch
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x%(22)=55.54,p < .05, CFI = .93, RMSEA [95% CI] = .09 [.06, .12]

Fig. 17 Structural equation model extracting variance common to processing speed out of the attention control tasks. Attention control is still the stronger

predictor of sensory discrimination. N = 176
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Fig. 18 Sensory discrimination does not fully mediate the relationship between fluid intelligence and attention control. N = 392

more focused, or more closely applying attention, to the target
stimuli during encoding, leading to being able to make finer
discriminations.

Whether attention-control processes are needed for a task
depends largely on the demands a task places on the individ-
ual. For instance, if a sensory discrimination trial is easy for an
individual (as might be the case for the first few trials in an
adaptive task), then they may be able to rely on only percep-
tual attention without the need for controlled processing.
However, if a sensory discrimination trial is difficult (as will
be the case on the last trials in an adaptive task), then they may
engage in controlled processing to enhance perceptual atten-
tion in order to make a finer discrimination between stimuli. If
this is the case, this has implications as to the nature of adap-
tive tasks. It is possible that adaptive tasks reflect at least two
components: (1) a threshold for the individual on the dimen-
sion the task is measuring (e.g., pitch discrimination), and (2)
the individual’s ability to engage in controlled processing. Our
findings suggest that the threshold score estimated on each

adaptive task contains dimension-specific (e.g., pitch vs. loud-
ness) variance and common domain-general variance due to
individual differences in attention control.

The strong role of attention control in sensory discrimina-
tion suggested by our findings raises the question of how
attention control plays a role in other seemingly simple sen-
sory tasks. When a revival of interest in the sensory
discrimination-intelligence relationship occurred starting in
the 1980s, researchers were trying to understand the mecha-
nisms underlying general intelligence (Acton & Schroeder,
2001; Helmbold et al., 2006; Lynn et al., 1989; Raz et al.,
1983, 1987, 1990; Watson, 1991). At around the same time,
independent of intelligence research, a group of researchers
were developing theoretical models of inspection time and
tasks to measure it (Deary & Stough, 1996). The inspection
time tasks are essentially sensory discrimination tasks with a
“speed of processing” component. In general, the inspection
time tasks require a subject to discriminate the difference be-
tween two stimuli (two lines) presented simultaneously but
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Fig. 19 Sensory discrimination does not fully mediate the relationship between working-memory capacity and attention control. N = 392
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very briefly. The dependent measure for the task is usually the
length of presentation at which the subject can perform at a
given level of accuracy. Therefore, performance converges on
a duration of presentation rather than a difficulty of discrimi-
nation. Researchers found that inspection time correlated with
general intelligence (Deary & Stough, 1996). Some re-
searchers argued that the reason for this was the relation of
sensory discrimination to both inspection time and intelli-
gence (Irwin, 1984; Raz et al., 1987). Others argued that in-
spection time was primarily a measure of “mental speed” and
was related to intelligence independently of sensory discrim-
ination (Deary, 1994a; Deary & Stough, 1996). This led re-
searchers to propose “mental speed” — which had its basis in
speed of how fast neurons can fire — as a fundamental cause in
individual differences in intelligence (Deary & Stough, 1996).
It would be interesting to know the extent to which attention
control plays a role in the inspection time-intelligence rela-
tionship as well. We believe the results would be similar to
the current study. We suggest executive control functions are
not only important in higher-order cognitive abilities, but also
in lower-level cognitive and perceptual processes, such as
“mental speed.” However, this would require further investi-
gation utilizing a variety of methodological and statistical
techniques. Given our results, further investigation into the
role of attention control in the inspection time-intelligence
relationship is warranted.

If attention control plays such a prominent role in the sen-
sory discrimination tasks used in this study, this has some
important implications for the psychophysics of measuring
sensory thresholds. What this suggests is that adaptive proce-
dures to measure an individual’s sensory threshold are not
process pure. They do not purely measure a basic physiolog-
ical characteristic of the individual’s sensory systems, but
rather they also capture considerable variance associated with
top-down attention processes. Weighted up-down adaptive
procedures assume that performance will eventually converge
on some “true” threshold value (Kaernbach, 1991); however,
performance on each trial will be influenced by top-down
processes that maintain relevant information while inhibiting
internal distractors (“mind wandering”) and external
distractors (“noise in the environment or task’). Performance
on each trial, then, will be influenced by both state (arousal,
focus, motivation) and trait (attention control, sense acuity)
factors. We are not suggesting that using adaptive procedures
to estimate an individual’s sensory system is flawed or should
be discarded. Quite the opposite — adaptive procedures avoid
the problem of aggregating performance over many trials and
thereby likely reduce (though not eliminate) noise from state
level factors. Adaptive procedures can also avoid issues with
the unreliability of reaction-time difference scores. Also, be-
cause adaptive sensory threshold procedures are reflective of
top-down processes, this provides a potential method to inves-
tigate attention control. We simply point out that ignoring

these higher-level processes in adaptive sensory threshold pro-
cedures can be problematic and theoretically misleading.

Controlling for confounds

Before moving on to the limitations of the present studies, we
would like to discuss a more general concern. One of the most
difficult challenges in psychology is determining whether we
are measuring the psychological variables we say we are. In
experimental psychology, this is referred to as internal valid-
ity; in differential psychology this is more commonly referred
to as construct validity. Confounding variables are one threat
to internal/construct validity. In experimental research, con-
founding variables are dealt with by carefully designing ex-
perimental manipulations that do not also manipulate the con-
founding variable. In individual differences research, there are
many factors and traits related to the individual that we cannot
manipulate and therefore it can be harder to control for con-
founding variables. The principal way of controlling for con-
founds, then, is to measure potentially confounding variables
and statistically control for individual variation due to the
confounding variable. If the variable of interest is still predic-
tive, over and above confounding variables, then this provides
what is referred to as incremental validity.

The reason for this discussion is that we have received a lot
of reviewer criticism on the construct validity of our latent
constructs. Specifically, the concerns are related to our atten-
tion control latent construct. One concern is that our attention
control tasks are confounded with processing speed or just
general task-ability-related variance. Another concern is that
all the attention control tasks, to some extent, rely on process-
es of sensory discrimination. These are legitimate concerns
about confound variables; however, to the best of our ability
with the current data set, we have already addressed these
concerns by partitioning shared and unique variance in differ-
ent ways to provide incremental validity.

The model depicted in Fig. 17 is a good example of this.
We label the predictive latent factors as “attention control”
and “processing speed.” However, in some ways this may
be a misnomer. The “processing speed” factor is actually just
a “general” factor that is explaining shared variance amongst
both the processing speed and attention control tasks.
Therefore, any shared variance due to processing speed, gen-
eral task ability, motivation, or effort should be accounted for
in this “general” factor. The “attention control” factor is actu-
ally “unique” variance of the attention tasks independent of
variance shared with the processing speed tasks. In addition,
the processing speed tasks are very similar to sensory discrim-
ination tasks (see the Methods section). Yet, the “general”
factor only predicted about 18% of variance in sensory dis-
crimination and the “unique” factor predicted about 50% of
variance in sensory discrimination. This model provides
strong evidence that it is attention control related variance
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(and not processing speed or other sources of variance com-
mon across all tasks) that strongly predicts individual differ-
ences in sensory discrimination. The models depicted in Figs.
18 and 19 also provide evidence against the argument that
sensory discrimination is the fundamental process underlying
the relation between fluid intelligence, working-memory ca-
pacity, and attention control.

Finally, some reviewers have had issue with the inclusion
of the selective visual arrays task as an attention-control mea-
sure because the conventional view is that this largely domi-
nated by storage-capacity related variance. Besides the fact we
replicated our finding in Study 2 without using the visual
arrays task (see Figs. 13 and 14), in a separate article we
provide strong evidence for an argument based on findings
from the behavioral and neurophysiological literatures as well
as on empirical findings in our lab from four different data sets
collected over the last 10 years with N > 1,500 that the
selective visual arrays task used in the current study is a better
measure of attention control than memory capacity (Martin
et al., 2019; available at https://psyarxiv.com/u92cm/)

We now summarize our argument and findings that the
selective visual arrays is a valid indictor of individual differ-
ences in attention control. First of all, it should be noted that
the version of the visual arrays task used in the current study
involves an attentional selection/filtering component. Subjects
were presented with both red and blue rectangles but were told
beforehand to only attend to red or blue (see the task descrip-
tion for more details).

This view is supported by studies from Vogel and col-
leagues that show that attention control processes to filter
out irrelevant distractor items in the visual arrays can distin-
guish high- and low-capacity individuals (Drummond et al.,
2012; Fukuda et al., 2015; Fukuda & Vogel, 2009; Jost et al.,
2011; Lee et al., 2010; Vogel et al., 2005). Contralateral delay
activity (CDA; an EEG event-related potential) has been
shown to be sensitive to the number of items currently held
in working memory, as measured by a non-selective version
of the visual arrays task (Vogel & Machizawa, 2004). The
non-selective versions of the task require attending to all items
in the array, no selection/filtering of items is required. When a
selection/filtering component was added to the visual arrays
task (selectively attend to items on one side or, as in this study,
items in one color), Vogel and colleagues showed that high
capacity (k) individuals showed the same CDA magnitude to
arrays with two memory items only (e.g., two red rectangles)
and two items with two distractors (e.g., two red rectangles
and two blue rectangles; Vogel et al., 2005). This finding
indicates that high-capacity individuals effectively filtered
out the two distractor items and did not store them in working
memory. Low capacity (k) individuals, however, showed the
same CDA magnitude to arrays with four memory items only
(e.g., four red rectangles) and two items with two distractors
(e.g., two red rectangles and two blue rectangles); therefore,
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low-capacity individuals did not effectively filter out the two
distractor items, thereby storing them in working memory.
This provides some of the most direct evidence for a mecha-
nistic role of attention control in visual arrays capacity and in
the same version of the task we used in the current study.

In Martin et al., (2019), we provide a set of analyses repli-
cated over four large-scale studies totaling over 1,500 subjects
that strongly support our argument. The visual arrays task
strongly preferred to load onto an attention control factor rath-
er than a working-memory capacity factor. Even when we
cross-loaded the visual arrays task onto both an attention con-
trol and working-memory capacity factor, the loading to
working-memory capacity was small and non-significant. In
fact, the data from the current study were from one of those
four large-scale studies. Therefore, we can conclude that in the
current data set the visual arrays task reflects a domain-general
ability to control attention and not a storage capacity limit in
working memory for domain-specific visual events.

Limitations

We would now like to consider some limitations of the two
studies. While the correlation between attention control and
sensory discrimination in Study 1 was equivalent to » = 1, in
Study 2 the correlation was only » = .79. Besides differences
in sample characteristics (as discussed in the Discussion sec-
tion for Study 2), there were important differences in the sen-
sory discrimination tasks used between the two studies. In the
visual discrimination tasks (Study 1 only), the stimuli were
presented simultaneously, and subjects had unlimited time to
focus their attention on each stimulus and make a discrimina-
tion. In the auditory discrimination tasks, however, the stimuli
were presented sequentially for only 500 ms with a 500-ms
interval between tones. Therefore, there was limited time to
encode and compare the stimuli. The auditory discrimination
tasks, then, have a greater demand on maintaining a represen-
tation of the first stimulus during the 500-ms interval; in ad-
dition, there was a greater demand on their focus of attention
while the stimulus was occurring. In the visual discrimination
tasks, there still may be a demand on maintaining the repre-
sentation of one stimulus as attention shifts focus to the other
stimulus (though still less compared to the auditory tasks).
This lesser demand on executive control processes in the vi-
sual discrimination tasks may be why they had smaller load-
ings on the sensory-discrimination factor compared to the au-
ditory discrimination tasks (Fig. 4); there was less common
variance attributable to attention control in the visual discrim-
ination tasks than the auditory discrimination tasks.

Given that in Study 2 the correlation between attention
control and auditory discrimination was less than » = 1, this
suggests that there may indeed be variability in domain-
specific sensory discrimination that is not accounted for by
attention control. However, this domain-specific variance, as
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evidenced by the mediation models, is not correlated with
intelligence or working-memory capacity. To more precisely
determine the causal mechanisms of attention control versus
domain-specific sensory abilities in sensory discrimination
tasks may require combining differential and experimental
methods; an interesting but resource-demanding prospect for
future research.

Conclusion

The strong relationship between sensory discrimination and
intelligence is what initially led Charles Spearman to formu-
late his theory on general intelligence that would go on to
influence the field for decades to come. Spearman hypothe-
sized that a central “Function” underlying differences in intel-
ligence also plays a prominent role in sensory discrimination;
“I take both sensory discrimination and the manifestations
leading a teacher to impute general intelligence to be based
on some deeper fundamental cause” (Deary, 1994b, p. 105).

What we have shown in two studies is that attention control
plays a prominent role in sensory discrimination and is able to
fully account for the relationship between sensory discrimina-
tion and intelligence. That is, the reason why a basic sensory
task like sensory discrimination correlates with a high-order
factor of general intelligence is due to individual differences in
ability to control the selectivity and intensity of attention.

It is time we start paying more attention to this seminal and
theoretically important relationship. It should be noted that
these two studies are only correlational in nature; and if we
are to understand the mechanisms underlying intelligence,
further research that combines the experimental and differen-
tial approaches will be needed.

Author note This work was supported by Office of Naval
Research Grant N00014-09-1-0129 to Randall W. Engle.
Data, analysis scripts, and results output are available at:
https://osf.io/hsqru/

None of the experiments were preregistered.
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